Abstract The viability of bacteria plays a critical role in the enhancement of fossil fuels biodesulfurization efficiency since cells are exposed to toxic compounds such as 2-hydroxybiphenyl (2-HBP), the end product of dibenzothiophene (DBT) biodesulfurization. The goal of this work was to study the influence of the carbon source on the resistance of Gordonia alkanivorans strain 1B to 2-HBP. The physiological response of this bacterium, pregrown in glucose or fructose, to 2-HBP was evaluated using two approaches: a growth inhibition toxicity test and flow cytometry. The results obtained from the growth inhibition bioassays showed that the carbon source has an influence on the sensitivity of strain 1B growing cells to 2-HBP. The highest IC 50 value was obtained for the assay using fructose as carbon source in both inoculum growth and test medium (IC 50 -48 h=0.464 mM). Relatively to the evaluation of 2-HBP effect on the physiological state of resting cells by flow cytometry, the results showed that concentrations of 2-HBP >1 mM generated significant loss of cell viability. The higher the 2-HBP concentration, the higher the toxicity effect on cells and the faster the loss of cell viability. In overall, the flow cytometry results highlighted that strain 1B resting cells grown in glucose-SO 4 or glucose-DBT are physiologically less resistant to 2-HBP than resting cells grown in fructose-SO 4 or fructose-DBT, respectively.
Introduction
Most of the industrial activities that our modern civilization depends upon use fossil fuels as the main source of energy, usually by burning [1] . This combustion causes air pollution due to emissions of sulfur dioxide, volatile organic compounds, and particulate matter, which contributes to the acidification of the atmosphere causing acid rain. These facts led to an increasingly stricter legislation that requires the reduction of sulfur levels in fossil fuels.
Biodesulfurization (BDS) is a microbiological process that can be used to remove sulfur as a complement tool to hydrodesulfurization, a physicochemical process that works at very high temperatures and pressures. BDS works at atmospheric pressure and temperature making it easier to work with and less expensive than other chemical processes. It also presents the advantage of easily desulfurizing recalcitrant sulfur compounds, such as dibenzothiophene (DBT) and benzothiophene that are hard to remove by hydrodesulfurization [2] . Several bacteria species, such as Gordonia alkanivorans strain 1B [3] , are able to desulfurize DBT, used commonly as model compound in BDS studies, to 2-hydroxybiphenyl (2-HBP) via the 4S pathway without destroying the carbon structure [1] , therefore maintaining the fuel potential energy.
BDS can be performed using bacterial growing or resting cells; however, it has been described that cells in resting conditions present higher desulfurization yields [4] . The use of bacterial resting cells also avoids interference of growth medium components in the product analysis [5] . The BDS process involves several compounds that present a high toxicity to the desulfurizing cells [6] [7] [8] , being 2-HBP one of the most toxic. So, to enhance the BDS process is necessary to monitor how changes in the experimental system, such as the accumulation of toxic 2-HBP, affect the microbial cells viability and consequently the process efficiency.
An alternative method to conventional microbial techniques to determine cell viability is flow cytometry [9] [10] [11] . Flow cytometry provides a fast and accurate quantitative method for measurement of thousands of individual cells, based on scattered light and fluorescence emitted by specific dyes that can give information on specific cellular compartments and functions [12] . Propidium iodide (PI) is a nucleic acid dye that only enters into cells when the cytoplasmatic membrane is compromised, being an indicator of loss of membrane integrity. On the other hand, 5(6)-carboxyfluorescein diacetate (CFDA) is an indicator of cell viability as a function of enzymatic activity [13] . CFDA is a membrane-permeant non-fluorescent substrate that is hydrolyzed intracellularly by nonspecific esterases to a fluorescent compound that accumulates in the cell if its membrane is intact. Dead or injured cells cannot retain efficiently the fluorescent product even if there is still some esterase activity due to their compromised membrane.
The main goal of this study was to evaluate the influence of the carbon source used in the culture medium on the resistance of G. alkanivorans strain 1B cells to 2-HBP. The physiological response of this bacterium, pre-grown in glucose or fructose, to 2-HBP was evaluated using two different approaches: a growth inhibition toxicity test in growing cells and detection of the intracellular esterase activity and membrane integrity in resting cells using flow cytometry.
Materials and Methods

Chemicals
Dibenzothiophene (99 %) was obtained from Acros Organics and dissolved in dimethylformamide obtained from Riedel-de Haën. 2-Hydroxybiphenyl was obtained from Sigma. CFDA, PI, and thiazole orange were acquired from Invitrogen. All other reagents were of the highest grade commercially available.
Microorganism and Culture Media
G. alkanivorans strain 1B isolated by Alves et al. [3] was cultured in basal salts medium (1.5 g (NH4) 2 [14] , but in the cultures in sulfur-free medium, DBT (200 μM) was added as the only sulfur source. Fructose or glucose (5-10 g l −1
) was used as carbon source. The bacterial cultures were incubated in shake flasks at 30°C, pH 7.5, and 150 rpm, for 2 days if fructose was used or 7 days if glucose was used (i.e., near the end of growth exponential phase accounting for cells with the same age). Otherwise mentioned, the strain 1B inoculum was always pre-grown in the same carbon source as the one used in the toxicity assays. For flow cytometry control tests, the cells were grown in fructose (10 g l −1
) and DBT (200 μM) and harvested within the exponential phase (sample after 2 days of growth) and after several days of nutrients starving (stressed cells) from the cultures in SFM with DBT (sample at 25th day). Dead cells were obtained by incubating healthy cells (harvested from the exponential growing cells) in ethanol at 70 % (v/v) for 1 min. The cell growth was monitored by measuring the absorbance at 600 nm.
Effect of 2-HBP on Bacterial Growth
To determine the chronic effect of 2-HBP on G. alkanivorans stain 1B cells, growth inhibition bioassays, adapted from ISO 10712 [15] , were performed. The test medium used to evaluate the effect of 2-HBP on cell growth was the basal salts medium, above described, supplemented with glucose or fructose (5 g l
), to which different concentrations of 2-HBP were added. Besides the variation of the carbon source used in test medium, also two different bacterial inocula were tested: one pre-grown in glucose and the other in fructose. Test series of a range of 2-HBP concentrations and a control with no 2-HBP prepared in 250 ml flasks were incubated at 30°C and 150 rpm, for 48 h (tests with fructose) or 168 h (tests with glucose), i.e., the end of the log growth phase, and the growth rates were determined. All assays were performed in duplicates. The inhibitory concentration (mM) responsible for the inhibition in 50 % of bacterial population growth after the defined exposure period, IC 50 -48 h or IC 50 -168 h, was estimated from the sigmoid concentration-inhibition curves fitted by the maximum likelihood-logit method using the ToxCalc V5.0.23 F (Tidepool Scientific Software, USA).
Effect of 2-HBP on Resting Cells
Resting cells of G. alkanivorans strain 1B were obtained after its growth in the basal salts medium and in SFM with 200 μM DBT, as described above. Cells were harvested during the exponential growth phase by centrifugation at 7,500×g and 4°C for 10 min, washed (2×), and resuspended in phosphate solution (2.55 g l −1 KH 2 PO 4 and 2.55 g l −1 Na 2 HPO 4 ·2H 2 O, pH 7.5). Suspensions of 10 g l −1 dry cell weight resting cells were used for further toxicity tests by adding different concentrations of 2-HBP (0.25, 0.45, 1, 2, and 5 mM) and incubating them at 30°C and 150 rpm. To the range of suspensions using the resting cells grown in SFM with DBT, a supplement of 150 μM DBT was added. Suspensions of resting cells without 2-HBP were also tested as controls. In the case of resting cells grown in SFM with DBT, a supplement of 150 μM DBT was also added to the controls. All assays were carried out in duplicates. The toxic effect of 2-HBP on the bacterial resting cells, at 0, 5, 28, 52, 76, and 100 h, was evaluated in terms of cell viability by flow cytometry.
Flow Cytometry Analysis
Data acquisition was performed in a FACSCalibur Flow Cytometer (BD Biosciences) equipped with an argon laser emitting at 488 nm and analyzed using WinMDI 2.9 software (1993-2000, Joseph Trotter). Cells were simultaneously stained with CFDA (green fluorescence, FL1) and PI (red fluorescence, FL3). Stock solutions of 10 mM CFDA in acetone and 1.5 mM PI in distilled water were prepared and stored at −20 and 4°C, respectively. Previous optimization step concerning cell concentration and washing, sonication time, dye concentration, and incubation time was carried out in order to define the optimal analysis conditions. So, during the course of the toxicity assays using suspensions of G. alkanivorans strain 1B resting cells exposed to the range of 2-HBP concentrations, samples of cells were taken to further evaluation of their viability by flow cytometry. The resting cells samples were centrifuged at 9,000×g for 10 min. For each test sample, the bacterial cells were resuspended in Tris-HCl buffer (50 mM, pH 7.4) and sonicated for 10 s. Concentration of the cell suspension was adjusted to approximately 3,000 events per second by flow cytometric analysis and the sample total volume set to 1 ml. The cells were then incubated with 5 μl of CFDA for 30 min at 37°C in the dark. After incubation, cells were washed and resuspended in Tris-HCl buffer. To complete the double-staining, 1 μl of PI was added and the flow cytometric analysis was immediately performed. Instrument settings were selected for the forward and side scatter signals in order to separate the cells from background noise and debris.
Results and Discussion
G. alkanivorans strain 1B is a fructophilic bacterium [14] described as a microorganism able to desulfurize DBT to 2-HBP, by 4S pathway, either in a process using growing cells or in a process using resting cells. The toxicity of 2-HBP for desulfurizing microbial cells is well known [8] , but the main goal of this work was to study the influence of the carbon source used in the culture medium on the resistance of strain 1B to 2-HBP. The physiological response of this bacterium pre-grown in glucose or fructose was evaluated using two different approaches: a growth inhibition toxicity test and flow cytometry.
Effect of 2-HBP on Bacterial Growth
The effect of 2-HBP on strain 1B cell growth was evaluated by a growth-based toxicity test in culture medium supplemented with different carbon sources, glucose, or fructose. These toxicity assays were carried out using also two bacterial inocula: one pre-grown in glucose and the other pre-grown on fructose. Therefore, four different conditions were tested to evaluate the response of G. alkanivorans: test culture medium with glucose, with the inoculum pre-grown on glucose or on fructose, and test culture medium with fructose, with the inoculum pre-grown on glucose or on fructose. In these chronic toxicity assays, the IC 50 values were estimated setting the endpoint as the specific growth rate at the end of the exponential growth phase, i.e., 168 and 48 h for the tests in glucose and fructose, respectively (Table 1 ). In fructose, the growth rates observed are much higher than in glucose (e.g., controls without 2-HBP: μ=0.075 h −1 in fructose versus μ=0.025 h −1 in glucose), therefore being the maximum growth attained faster. In the assays where the test medium had glucose as carbon source, the results showed that the carbon source in which the inoculum was pre-grown does not influenced significantly the 2-HBP toxicity effect on strain 1B cell growth, being similar the IC 50 values obtained, IC 50 -168 h of 0.318 mM (inoculum from glucose) and 0.328 mM (inoculum from fructose). On the other hand, in the assays using fructose in the test medium the response by the two strain 1B inocula, pre-grown in glucose or fructose, was different, presenting IC 50 -48 h values for 2-HBP of 0.313 and 0.464 mM, respectively. These results highlight the higher tolerance to the toxicant of G. alkanivorans strain 1B when pre-grown and tested using fructose as carbon source. Therefore, the use of fructose or agro-industrial residues rich in fructose as the carbon source for both maintenance and cultivation can benefit the biodesulfurization process using G. alkanivorans strain 1B. Recent BDS works have demonstrated that higher growth rates and consequently better desulfurization yields can be obtained by strain 1B when fructose or fructose-rich materials are used as carbon source [14, 16, 17] .
Flow Cytometry Controls
In order to demonstrate that it is possible to characterize the cell viability of G. alkanivorans by using flow cytometry, in the course of a BDS process, controls with positive staining for PI (PI + ) and CFDA (CFDA + ) were established for cells grown on culture media with fructose and DBT as carbon and sulfur sources, respectively. DBT was used as sulfur source since it is the model compound mostly used in BDS studies, as thiophenes are responsible for approximately 70 % of the sulfur found in petroleum [18] , and also because microparticles of DBT can be present in samples to be analyzed, due to its low solubility in aqueous solutions, and cause some interference in the flow cytometric analysis.
Hence, samples of strain 1B cells collected at different growth phases were monitored for their physiological state. Samples of exponential growing cells with all nutrients in excess, stressed cells submitted to a starvation period and ethanol-treated cells, were stained with the mixture CFDA and PI and analyzed by flow cytometry for the assessment of their viability. [19, 20] . Exponential growing cells ( Fig. 1(i) ) were mainly stained with CFDA (CFDA + cells) showing that the majority of cells (~79 %) belong to the healthy population (A), but some stained with PI or with both dyes showing also the presence of some cells already stressed (B = 10 %) or even dead (C = 3 %) or inactive (D = 8 %). The density plot concerning cells from the starved culture ( Fig. 1(ii) ) displayed a higher proportion of PI + cells (CFDA − and CFDA + ) compared to the exponential growing cells density plot ( Fig. 1(i) ), indicating that the nutrient limitation imposed by the starvation damaged the cytoplasmic membrane and inhibited the intracellular esterase activity. In this case, only about 29 % of the cells were healthy being 40 % stressed and 31 % were dead/inactive. Ethanolkilled cells density plot ( Fig. 1(iii) ) only showed fluorescence emission for PI (PI + cells) indicating that 95 % of cells were dead (population C). Cells not stained either with CFDA or 
. In order to confirm that quadrant D did not represent cell debris, G. alkanivorans strain 1B cells were stained with thiazole orange (TO), a permeant nucleic acid dye that enters live and dead cells. All the events were stained with TO, which confirmed that quadrant D corresponds to inactive cells but not to cell debris (data not shown).
The absence of CFDA + cells within the ethanol-killed cells sample analyzed ( Fig. 1(iii) ) as well as the progressive increasing of dead cells (population C=PI + /CFDA − cells) from 3 % in the exponential growing cells sample ( Fig. 1(i) ) to 24 and 95 %, respectively, in the stressed cells sample ( Fig. 1(ii) ) and in the ethanol-killed cells sample ( Fig. 1(iii) ), in accordance with the expected physiological cell states for the different samples analyzed, point out that the presence of DBT in the samples did not interfere with CFDA and PI analysis. Therefore, flow cytometry seems to be a promising tool to monitor the G. alkanivorans viability during a DBT-desulfurization process.
These controls were then used for comparison with data obtained from further assays with G. alkanivorans strain 1B cells.
Effect of 2-HBP on Resting Cells
The use of microbial resting cells for BDS can generate higher desulfurization yields, so in this study several assays were set up using G. alkanivorans strain 1B resting cells (RC) to further evaluation of their physiological state by flow cytometry. The assays, testing a range of increasing 2-HBP concentrations (0.25-5.0 mM), were performed with RC obtained from strain 1B growths in four culture media containing different sulfur (sulfates or DBT) and carbon sources (glucose or fructose) to evaluate the influence of sulfur and carbon sources on G. alkanivorans 1B cells resistance to 2-HBP toxic effect. The percentages of viable, stressed or injured, dead, and inactive cells for each concentration of toxicant over time were obtained by analysis of the density plots obtained by flow cytometry, which presented the populations previously observed in the control tests (Fig. 1) .
Results for Sulfates as Sulfur Source
A first series of assays carried out using the RC grown with sulfates as sulfur source aimed to assess the 2-HBP effect on the cells without the additional toxic effect of DBT and/or 2-HBP further released during DBT-desulfurization. Thus, G. alkanivorans strain 1B was grown in basal salt medium containing sulfates as a non-toxic sulfur source and fructose or glucose as the carbon source (non-desulfurizing cells), washed, resuspended in phosphate buffer, and further put in the presence of a range of 2-HBP concentrations (0.25, 0.45, 1, 2, and 5 mM). In Fig. 2 , the cytometry results of the effect of 2-HBP on the strain 1B non-desulfurizing resting cells are presented, either from fructose-SO 4 (Fig. 2a, b and c) or glucose-SO 4 (Fig. 2d, e, and  f) , where the time course profiles of the bacterial cells viability (percent viable cells, percent stressed cells, and percent dead/inactive cells) can be observed. Percentages of dead and enzymatically inactive cells are presented together since none of these cells are able to contribute to the desulfurizing process. In Table 2 , the maximum rates of loss of viable cells and increase of stressed and dead/inactive cells are described, for a better visualization of 2-HBP effect on cell physiology in comparison with the control without toxicant.
Comparing the overall viability profiles, some differences can be observed in the effect of 2-HBP on RC grown in different carbon sources. For both RC, a loss of percent viable cells over time ( Fig. 2a and d) was observed, being much more pronounced for the higher concentrations Fig. 2c and f) . In the presence of 2 mM of 2-HBP, the RC grown in fructose-SO 4 lost 52.8 % viability within the first 52 h, but after that a value of~10 % of viable cells was maintained until 100 h of incubation (Fig. 2a) . For this 2-HBP concentration, the cells grown in glucose-SO 4 lost their viability faster (Table 2) , exhibiting a loss of 92.2 % viable cells in 52 h and with almost no viable cells at 100 h (Fig. 2d) . After 100 h of contact, the inhibitory effects of 2 mM 2-HBP on the percent viable cells on RC from fructose-SO 4 and glucose-SO 4 were 85.6 and 98.6 %, respectively, in comparison with the controls (Fig 2a and d) , showing that the RC grown in glucose-SO 4 presented a slightly higher sensibility to 2-HBP. These results are in agreement with those obtained in the toxicity tests using growing cells (Table 1) .
For the smaller concentrations of 2-HBP (0.25, 0.45, and 1 mM), the toxic effect was slightly observed in RC grown in fructose-SO 4 , either in terms of loss of viable cells (11, 18 , and 19 % increase of loss of viable cells, respectively, in comparison to the control at 100 h) or increase of dead/inactive cells (Fig. 2a and c) , being the rates of loss of viable cells and increase of dead/inactive cells higher than that observed for the control cells without the toxicant (Table 2 ). For cells grown in glucose-SO 4 , the toxic effect was almost not observed with 0.25 and 0.45 mM of 2-HBP because the rates of loss of viable cells and increase of stressed and dead/inactive cells observed were similar to the control, but for 1 mM of 2-HBP there was an increase of the rates of loss of viable and increase of stressed and dead/inactive cells in relation to the control (Table 2 ; Fig. 2d, e and f) , showing an inhibitory effect on viable cells of about 13 % at 100 h. In overall, for 2-HBP concentrations ≥1 mM, the RC grown in glucose-SO 4 presented higher rates of loss of viability in relation to RC grown in fructose-SO 4 ; however, the net inhibitory effects relatively to the control using RC from glucose-SO 4 but The maximum rates correspond to the slopes of the linear trendlines fitted for each 2-HBP concentration (0 to 5 mM). The units of these values are percent (viable, stressed, or dead cells) per hour. The negative value implies loss of cells while positive value implies increase of cells. a Carbon and sulfur sources in the culture medium used to produce the non-desulfurizing resting cells for this assay without 2-HBP can be lower due to the fact that this control also present a higher rate of loss of viable cells in comparison to the control using RC from fructose-SO 4 (Table 2) . Thus, comparing the profiles of controls for both types of RC ( Fig. 2a and d) , within 100 h, it can be stated that much higher loss of viable cells occurred in the control with cells grown in glucose-SO 4 . The loss of viable cells in the control with RC from glucose-SO 4 (~27 %) was followed by an increase of stressed cells (from 3.6 to 11.3 %) and dead/inactive cells (from 16.2 to 30.5 %) in contrast with the control with RC from fructose-SO 4 , in which the loss of viable cells (~11 %) was followed by a decrease in stressed cells (from 14.0 to 10.1 %) and an increase of dead/inactive cells (from 15.5 to 27.4 %). These results show that RC grown in glucose-SO 4 are physiologically less resistant than RC grown in fructose-SO 4 .
Results for DBT as Sulfur Source
The assays with DBT as sulfur source were performed to study the 2-HBP effect on G. alkanivorans strain 1B resting cells within the course of a BDS process. As above stated, DBT is a recalcitrant molecule very abundant in crude oil and therefore it was used as model compound instead of petroleum in BDS assays with RC. It is important to assess how strain 1B resting cells physiological state is affected when they are grown in the presence of DBT and then further used for the desulfurization process, i.e., when RC are placed in the presence of new DBT. Due to its low solubility in aqueous medium, DBT presents a lower toxic effect than 2-HBP [8] ; however, its toxicity is still an important stress factor for the desulfurizing cells. Thus, strain 1B was grown in sulfur-free medium supplemented with 200 μM of DBT as only sulfur source and fructose or glucose as the carbon source (desulfurizing cells) and then washed, resuspended in phosphate buffer, and further put in the presence of a range of 2-HBP concentrations (0.25-5 mM) and 150 μM of DBT to monitor the viability of the desulfurizing microorganism within the course of DBT-desulfurization process. In Fig. 3 , the time course profiles of strain 1B desulfurizing resting cells viability are presented (percent viable cells, percent stressed cells, and percent dead/inactive cells). Moreover, in the Table 3 , the maximum rates of loss of viable cells and increase of stressed and dead/inactive cells are described, for a better visualization of 2-HBP effect on cell physiology in comparison with the control with DBT but without 2-HBP. These results indicate that the different viability profiles presented by the RC grown in DBT and fructose (Fig. 3a, b and c) or glucose (Fig. 3d, e and f) during DBT-desulfurization process are carbon source-dependent. In overall, with the increase of 2-HBP concentration, higher rates of loss of viability were observed in the RC from glucose-DBT, indicating once again that the carbon source influences the resistance of the cells to the 2-HBP.
Based on the results presented in Tables 2 and 3 (maximum rates within 100 h), from the comparison of the four controls (0 mM of 2-HBP), it can be observed that when the RC are placed in the presence of 150 μM DBT, i.e., within a BDS process (Table 3 ; Fig. 3 ), a slightly toxicity is observed for both carbon sources (fructose or glucose). This toxic effect due to the presence of DBT can be estimated by subtracting the results of controls in Table 2 from results of controls in Table 3 . So in terms of maximum rates, the net toxic effect of DBT for fructose is as follows: 0.06 % loss viable cells/h, 0.25 % increase stressed cells/h, and 0.02 % increase dead or inactive cells/h. For glucose, the net toxic effect of DBT is as follows: 0.08 % loss viable cells/h, 0.01 % increase stressed, and 0.34 % increase dead or inactive cells/h. Therefore, accounting these results, for fructose as carbon source the toxicity to the resting cells translated as the loss of viable associated essentially to an increase of stressed cells, while for glucose the toxicity to resting cells translated as the loss of viable cells essentially associated to an increase of dead/inactive cells.
In fact, comparing the controls in Fig. 2 vs Fig. 3 within 100 h of assay, there was an increase of loss of viable cells from 11 % in control using RC from fructose-SO 4 (Fig. 2a) to 21 % in control using RC from fructose-DBT (Fig. 3a) , and from 27 % in the control using RC grown in glucose-SO 4 (Fig. 2d) to 34 % in control using RC from glucose-DBT (Fig. 3d) . In the control of RC from fructose-DBT, the loss of viable cells (21 %: from 69.4 to 54.8 %) was followed by an increase in stressed cells (from 20.1 to 27.9 %) and dead/inactive cells (from 10.5 to 17.4 %), while in the control of RC from glucose-DBT the loss of viable cells (34 %: from 69.4 to 46 %) was followed by a small increase in stressed cells (from 14.9 to about 18 %) and a high increase in the dead/inactive cells (from 15.8 to about 36 %). Moreover, these higher values of loss of viable cells and increase of dead cells in the control using RC from glucose-DBT, due to the DBT toxic effect itself, attenuate the net toxic effect of 2-HBP on these cells since the toxic effect is usually evaluated relatively to the control without 2-HBP, which accounts the DBT effect.
In this context, for the smaller concentrations of 2-HBP (0.25 and 0.45 mM), a slightly toxic effect was observed in RC grown in fructose-DBT (e.g., 19 and 26 % of increase of viable cells loss, respectively, in comparison with control: Fig. 3a) , being the rates of loss of viable cells and increase of stressed and dead/inactive cells higher than that observed for the control cells without the toxicant (Fig. 3a, b and c; Table 3 ). In contrast, despite the higher rates of loss of viable cells and increase of dead/inactive cells observed in the tests using the RC grown in glucose-DBT for these two concentrations, in comparison with those obtained with the cells from fructose-DBT, the net toxic effect of 2-HBP was almost not observed for these two concentrations because those rates were similar to the control (Table 3 ). In fact, in terms of percentage of viable, stressed, and dead/inactive cells (Fig. 3d, e and f) , the values obtained for 0.25 and 0.45 mM of 2-HBP within 100 h did not differ significantly from the control for the RC grown in glucose-DBT.
For 1 mM of 2-HBP, the decrease in percent viable cells was faster for resting cells from fructose-DBT (Table 3) , inducing about 50 and 76 % less viable cells than the control (Fig. 3a) , after 52 and 100 h, respectively, while for the RC from glucose-DBT induced about 25 and 55 % less (Fig. 3d) . However, the loss of viability in the RC from fructose-DBT was translated mainly in a vast increase of percent stressed cells (Fig. 3b) , an increase of~105 % relatively to the control (from 27.9 to 57.1 %, at 100 h), despite a high increase of percent dead/inactive cells (Fig. 3c) ,~70 % (from 17.4 to 29.5 %), was also observed. In contrast, the loss of viability in the RC from glucose-DBT was translated mainly in a vast increase of percent dead/ inactive cells (Fig. 3f) , of~57 % relatively to the control (from~36 to 56.4 %, at 100 h) despite an increase of~26 % in percent stressed cells was also observed (from 18.3 to 23 %, Fig. 3e ). Thus, in overall for the assays with 1 mM of 2-HBP within 100 h, there were 13.4 % viable cells, 57.1 % stressed cells, and 29.5 % dead/inactive cells for the RC from fructose-DBT in comparison with 20.6 % viable cells, 23 % stressed cells, and 56.4 % dead/inactive cells for the resting cells from glucose-DBT. Considering that stressed cells are not inactive and, if recovered, may perform some desulfurization activity since it can still retain some enzymatic activity, the RC from fructose-DBT in the assay with 1 mM of 2-HBP, after 100 h, presented effectively more resistance than the RC from glucose-DBT during the BDS process, despite the lower value of percent viable cells. These results show the potential of flow cytometry as a useful tool to monitor cell viability timely during a The maximum rates correspond to the slopes of the linear trendlines fitted for each 2-HBP concentration (0 to 5 mM). The units of these values are percent (viable, stressed, or dead cells) per hour. The negative value implies loss of cells while positive value implies increase of cells a Carbon and sulfur sources in the culture medium used to produce the desulfurizing resting cells for this assay biodesulfurization process, permitting that the operator act to recover the physiological state of the compromised cells before the total loss of viable cells along the process if necessary. As far as we know, this is the first time that flow cytometry analysis was applied to BDS studies. This technique is a fast and accurate method that provides useful information about the dynamic of cell behavior since it is able to distinguish compromised cells besides the viable and dead cells. As expected, the highest concentration of 2-HBP tested (5 mM) was very toxic to both types of RC, either grown in fructose-DBT or glucose-DBT, with 89-93 % of loss of viability within 5 h, and almost all cells being dead or inactive within 28 h (Fig. 3c and f) .
Conclusions
In this work, the influence of the carbon source (glucose or fructose) on the physiological response of G. alkanivorans strain 1B to 2-HBP toxic effect was evaluated using two different approaches: a growth inhibition toxicity test and flow cytometry.
In the growth inhibition bioassays, the results obtained pointed out for the combination fructose/fructose (test carbon source/inoculum carbon source) as the most favorable in terms of higher resistance by G. alkanivorans 1B growing cells to 2-HBP toxicity (IC 50 -48 h of 0.464 mM), mainly due to the higher growth rates attained in fructose as sole carbon source. This fact highlights the influence of the carbon source on strain 1B growing cells sensitivity to the toxicant.
Flow cytometry was applied into the assays to evaluate the influence of carbon source on the resistance of strain 1B resting cells to 2-HBP. With this goal, two types of RC were produced and tested for comparison: non-desulfurizing RC (grown in glucose/fructose-SO 4 ) versus desulfurizing RC (grown in glucose/fructose-DBT). The results showed that concentrations of 2-HBP >1 mM generated significant loss of cell viability translated by the increase of stressed and/or dead/inactive cells. The higher the 2-HBP concentration, the higher the toxicity effect on RC and the faster the loss of cell viability, independently of the RC tested. Moreover, in overall, the results obtained highlighted that RC grown in glucose-SO 4 (nondesulfurizing cells) or glucose-DBT (desulfurizing cells) are physiologically less resistant to 2-HBP than RC grown in fructose-SO 4 (non-desulfurizing cells) or fructose-DBT (desulfurizing cells), respectively. In fact, higher rates of loss of viable cells followed by the increase of stressed and/or dead/inactive cells were observed for RC grown in glucose-SO 4 /DBT in comparison with those from fructose-SO 4 /DBT, for almost all the concentrations of 2-HBP exhibiting a toxic effect. Therefore, these results with RC are in accordance with the results obtained in the toxicity tests using growing cells and highlight again the advantage of the use of fructose or fructose-rich materials as carbon source to grow strain 1B viewing its future industrial application within an enhanced BDS process.
This study also shows that a reliable viability analysis of G. alkanivorans 1B can be performed by flow cytometry. The use of this rapid technique can be a promising tool to monitor timely the physiological response of microbial desulfurizing cells to a variety of parameters, during BDS processes, which may contribute for a better control and a faster optimization of the process conditions toward increased performance.
